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Abstract 

The possibility of explaining the current value of the muon anomalous magnetic moment in 
models with an additional U(l) gauge symmetry that has kinetic mixing with hypercharge are 
increasingly constrained by dark photon searches at electron accelerators. Here we present a 
scenario in which the couplings of new, light gauge bosons to standard model leptons are naturally 
weak and flavor non-universal. A vector-like state that mixes with standard model leptons serves as 
a portal between the dark and standard model sectors. The flavor symmetry of the model assures 
that the induced couplings of the new gauge sector to leptons of the first generation are very small 
and lepton-flavor-violating processes are adequately suppressed. The model provides a framework 
for constructing ultraviolet complete theories in which new, light gauge fields couple weakly and 
dominantly to leptons of the second or third generations. 
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I. INTRODUCTION 



In recent years, the energy, intensity and cosmic frontiers have come into focus as the 
three domains in which future discoveries in elementary particle physics are likely to arise. 
Among the possibilities that might be revealed at the intensity frontier are "dark sectors" [l| , 
with particles much lighter than the electroweak scale that have remained undetected due 
to their very weak interactions with standard model particles. The gravitational effects of 
dark matter is indirect evidence that at least one dark particle exists. The possibility that 
dark matter may also couple to spontaneously broken dark gauge forces has been motivated 
by the observation that sub-GeV dark gauge boson decays could explain the electron and 
positron excesses observed in the cosmic cay spectca g Moce genecany, sectors that ace 
only weakly coupled to the standard model arise quite generically in string theory |3j, so 
that investigations of other possible dark sectors Q continue to be well motivated. 

Given that the particle content and gauge structure of a generic dark sector is not well 
constrained, the largest number of analyses have assumed the simplest construction, a dark 
U(l) gauge field that has a small kinetic mixing with hypercharge js|. Interestingly, it has 
been pointed out that a discrepancy between the observed value of the muon anomalous 
magnetic moment and the expectation of the standard model can be explained in this sce- 
nario jf)]. However, the region of the mass-kinetic mixing plane in which this result can be 



achieved is very rapidly being excluded by bounds from dark photon searches [8j , in partic- 
ular, the most recent results from the Mainz Microtron experiment |9|. Dominant kinetic 
mixing will always assure that a dark photon couples identically to electrons and muons, so 
there is no way to escape this bound. The possibility that dark forces might couple differ- 
ently to muons than electrons has been discussed in a somewhat different context, i.e., the 
proton charge radius problem, in Ref. 10J, but from an effective field theory perspective. 
Here we will present a complete theory in which such a possibility is naturally realized. 

Although an explanation of the muon anomalous magnetic moment discrepancy is cer- 
tainly worthwhile, it is arguably more important that the present work shows, in a complete 
theory, how a dark sector can naturally couple both weakly and preferentially to charged 
leptons of the second or third generation. This may provide motivation for a more intensive 
phenomenological consideration of processes involving muons and taus as a means of dis- 
cerning couplings to new dark sector particles. The basic structure of the model is this: the 
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dark gauge and higgs particles couple directly to a vector-like charged lepton that has gauge 
quantum numbers that allow mixing with the right-handed electron, muon or tau. However, 
the lepton sector is also constrained by a discrete, A$ flavor symmetry that is the origin 
of neutrino tribimaximal mixing. This symmetry leads to preferential mixing between the 
vector-like state and only one standard model lepton flavor, while simultaneously keeping 
lepton-flavor-violating effects suppressed. The couplings between the standard model and 
the dark sector particles are naturally small since they are proportional to a small mixing 
angle that is set by the ratio of the dark to vector-like mass scales. Lepton-flavor-universal 
couplings due to kinetic mixing with hypercharge are loop suppressed, since the dark sector 
gauge group in the proposed model is non-Abelian. 

Our letter is organized as follows. In the next section, we describe the basic structure 
of the theory and show that the muon anomalous magnetic moment discrepancy can be 
resolved. In Sec. 1111} we explain how the pattern of couplings assumed in Sec. [II] can be 
achieved via the discrete flavor symmetry A±. We briefly discuss other phenomenological 
bounds in Sec. HVl and in Sec. |V]we conclude. 



II. THE PORTAL 



The gauge group of the model is GsmxSU(2)£>, where Gsm is the standard model (SM) 
gauge group and the additional factor represents the gauge group of the dark sector. Since 
the dark gauge group is non-Abelian, kinetic mixing with hypercharge does not appear 
immediately through a renormalizable term in the Lagrangian. We assume the existence of 
a vector-like doublet 

E a L , E^ , (2.1) 

where a is an SU(2)£> index. These fields have the same Gsm quantum numbers as a right- 
handed electron, muon or tau. Note that the theory is free of anomalies, since the new 
fermions come in a vector-like pair. Since the E fields carry both SM and dark quantum 
numbers, they serve as a portal between the SM and dark sectors. 

We assume that the dark gauge symmetry is completely broken by the vacuum expecta- 
tion value (vev) of a complex scalar doublet <fr a , 

(<f>) = [ ° ] ■ (2-2) 
\ vd/V2 J 
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A renormalizable coupling between and the SM Higgs field H, namely (ftc^H^H, can serve 
as another portal between the SM and dark sectors. However, to simplify the model param- 
eter space in the present analysis, we will only consider the case in which this coupling is 
negligibly small. This limit is consistent with LHC data on the recently discovered 125 GeV 
boson which (perhaps aside from the decay rate to two photons) shows no substantial devi- 
ations from the expectations for a standard model Higgs boson. 

Mass mixing between the E and SM lepton fields can occur when the SU(2)d gauge sym- 
metry is broken. This mixing will induce a coupling between the dark gauge boson multiplet 
and ordinary SM leptons that is suppressed by a small mixing angle, one proportional to 
Vd/v, where v = 246 GeV is the electroweak scale. Like most dark photon models, we will 
typically assume that the dark gauge bosons have masses less than 1 GeV. Mass mixing 
originates through the Yukawa couplings 

£ D hjl R (f>* a E a L + h! e ab -p R( p a E b L + h.c. , (2.3) 

Here we have taken the SM lepton field to be of the second generation. Generically one 
expects similar couplings involving the e and r. Our model, however, is not generic. We 
will show in Sec. IHII that the flavor structure of Eq. (I2.3P follows accurately from the flavor 
symmetries of the model. For the remainder of this section, we will simply assume the 
mixing given in Eq. (12. 3 j) and study the new contributions to the muon g — 2. 

In order to specify the model, one must know the vector-like lepton mass M, the mass 
and gauge coupling of the dark gauge bosons, m v and go respectively, and the mass of 
the dark higgs, m^. (The dark higgs is the physical fluctuation about vjj in the doublet 
field </>.) In addition, one must know the mixing angles that are functions of the couplings 
h and h! in Eq. (12.31) . While a complete exploration of this six-dimensional parameter 
space is impractical, the essential physics can be illustrated by adopting a few simplifying 
assumptions. We take my = m^, so that a single mass scale characterizes the dark sector. 
In addition, we set the coupling h! = 0, which renders the analysis of mixing between the 
SM leptons and the vector-like states more transparent. (This latter assumption can be 
elevated to a definition of the model if one imposes a discrete symmetry that forbids the h! 
coupling. A Z% symmetry in which El^r — > uEl^r and <f) a — > oo<j) a , with u 3 = 1, is a suitable 
example of such a symmetry.) 

Given these assumptions, mass mixing between the SM and vector-like states are given 
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FIG. 1: New contributions to the muon anomalous magnetic moment. 



by a two-by-two mass matrix, 



— / Tn a 
CdVl\ \* R + h.c, 

5m M 



(2.4) 



where \& = (/x , E^>) T and 5m = hv d j\[2. The relationship between the gauge and mass 
eigenstate bases is given by 

/ p.a Sa \ 

(2.5) 



where Sj = sinOj, Cj = cos 9j, and j is either L or i?. With 5m <C M, the mixing angles 
are well approximated by 9 R ~ Sm/M and #^ ~ (m fl /M)(Sm/M). Due to this mixing, the 
SU(2) gauge bosons, which otherwise would couple only to the vector-like states, now also 
couple to standard model leptons. In terms of mass eigenstate fields, these couplings include 
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+ ^s R c R g D (jlRfioEf + h.c.)] + [R L] 
Here we have parameterized the SU(2) gauge multiplet 

A /2 A+/V2 



(2.6) 



A a D T a 



A^/V2 -A /2, 



(2.7) 
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TABLE I: Couplings relevant to the anomalous magnetic moment calculation. 

where the T a are the Pauli matrices over two. Note that the A Q , A + and A_ are electrically 
neutral, but the E^ l \ E^ and fi fields have identical couplings to the photon. Hence there 
are number of diagrams that contribute to the muon anomalous magnetic moment, as shown 
in Fig. CD 

In addition to the gauge-boson exchange diagrams, there are also diagrams involving 
exchange of the dark Higgs boson <p, also shown in Fig. [TJ These follow from Eq. f |2.3|) . 
which includes the following couplings of the mass eigenstate fields 

C D {~ SlCr11 ^ + °l s rE^ e{2) + [clCrJlrE^ - slSrJXlE^ + h.c.]) . (2.8) 

The contribution of new fermions and gauge bosons to t 
moment have been computed in a general framework in Ref. 
form 

£ = TL-fiCv + C A1 5 )FX, + h.c. , (2.9) 
where F is a generic fermion and a generic gauge boson, and 

£ = Jl(C s + C p1 5 )FS + h.c, (2.10) 



le muon anomalous magnetic 



111 ], assuming couplings of the 



where S is a generic scalar. These results can be applied to the present model given the 
identifications shown in Table [H An exact numerical evaluation of the g — 2 formulae given 
in Ref. UJ have been incorporated in Fig. |2j Here we show the my-9 R plane, for a fixed 
choice of the mixing parameter h and the dark gauge coupling g^, with = my. With 
my and go fixed, the dark scale vd is determined. The mass scale of the vector-like sector, 
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FIG. 2: Mass-mixing angle plane, for the values of go and h shown. The region between the dashed 
lines is consistent with the current experimental value of the muon anomalous magnetic moment, 
at plus or minus two standard deviations. The solid lines show the vector- like fermion masses, 
which increase for smaller values of 9r. 

M, is then fixed by by its relation to the right-handed mixing angle 

V2h\ 







R 




(2.11) 



as indicated by the solid lines in the figure. The parameters of the model are now fixed and 
the (much smaller) left-handed mixing angle can also be computed. 

The region between the dashed lines is where the model accounts for the discrepancy 
between the experimental and SM values of the muon (g — 2)/2 12 1 



Aa, 



cxp 



287 ±80 x 10 



-ii 



(2.12) 



allowing two-standard deviation variation about the central value of Aa M . The solid lines rep- 
resent vector-like fermion mass contours, for M = 100, 300 and 500 GeV. Collider searches 



for heavy charged leptons require only that M > 100.8 GeV at the 95%C.L. 12j. The solid 
and dashed bands still overlap for h closer to 1, but for values of M closer to its experimental 
lower bound. 
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III. THE FLAVOR SYMMETRY 



There is a vast literature on flavor symmetries that can account for the very non-generic 
pattern of standard model fermion masses. In this section, we argue that the same flavor 
symmetry that might explain standard model lepton masses can also yield the non-generic 
pattern of couplings assumed in the previous section, with lepton-flavor-violating effects 
adequately suppressed. 

A variety of models based on the discrete flavor group A4 have been proposed after 
it was discovered that A 4 symmetry can provide neutrino mass matrix textures that are 
consistent with tribimaximal mixing, at lowest order. Given these promising results, it is 
well motived to consider the consequences of this symmetry in the present model. The group 
A4 has a triplet and three singlet representations, 3, 1°, 1 + , and 1~. Typical A4 models 
assign the left-handed SM leptons to the 3 and the right-handed leptons to distinct singlet 
representations: 



L L ~ 3 , e R ~ 1° , fi R : ~ 1 + , 



Tr 



1 . 



The standard model Higgs doublet H is a trivial A4 sing let, 1°. For a review of group 



and model building with A4 symmetry, we refer the reader to the review in Ref. 
symmetry is broken by two flavon fields, ifs and tp?, that both transform as 3's: 



(3.1) 
theory 



13|]. The 



(<fs) 



vs 
yv SJ 



(<pt) 





V / 



(3.2) 



By imposing additional, model-dependent symmetries 13J, it is arranged that the symmetry 
breaking in the charged lepton sector is a consequence of the flavon only, at lowest order, 
while in the neutrino sector the same statement holds for the ifs flavon. Symmetry breaking 
due to (fT alone leads to a charged lepton mass matrix that is exactly diagonal, 



( y e ^ 



Yr 



Vt 



(3.3) 



y„ 

\ y T J 

where Ap represents the scale at which flavor physics is generated. The reason for this result 
is that (ipr) breaks A^ down to a Z% under which all off-diagonal elements of Eq. (I3.3P rotate 
by a nontrivial phase; hence, these elements remain vanishing until this symmetry is broken. 
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We now assign quantum numbers to the vector-like states: 



E a L ~E a R ~ 1+ (3.4) 

Since this charge assignment is the same as that for /xr, the mixing terms in Eq. (12. 3p are 
A4 invariant. However, the other possible terms are not: 

en^El ~ 1+ , Tn^El ~ 1" . (3.5) 

The representations in Eq. (I3.5P rotate by a nontrivial phase under the Z3 symmetry that is 
left unbroken by (</>r), and are forbidden until the Z 3 symmetry is broken. Hence, the same 
symmetry structure that leads to a diagonal charged lepton mass matrix when A 4 — > Z 3 
assures that the vector-like states mix only with right-handed muons in the present model. 
For a different choice in Eq. ( 13. 4p . one could just as easily arrive at a different model in 
which mixing with tr is preferred. 

We must now consider to what extent our desirable results are spoiled when the Z 3 
symmetry is broken by the vacuum expectation value of the other flavon field (ps- Unwanted 
couplings between E and e R or tr can occur directly, or via Eq (I2.3p . which is no longer 
in the mass eigenstate basis if Yl is non-diagonal. The value of the Z 3 -symmetry-breaking 
parameter fg/A, however, is not set by the size of a typical charged lepton Yukawa coupling; 
it is determined by the mass scale of the right-handed neutrinos that participate in the see- 
saw mechanism. As is standard in ^-based models, we take the right-handed neutrinos 
(charge conjugated) to transform CIS db triplet 

!£~3. (3.6) 

We will now show that it is possible to achieve the proper light neutrino mass scale with 
vs ^ v t < Air, so that deviations from the Z3 symmetric results in the charged SM lepton 
and vector-like sectors of our model can be made adequately small. In this case, contributions 
to lepton-flavor-violating processes due to the exchange of the non-standard-model states in 
the theory will also be highly suppressed. In what follows, we will take the flavor cut off Ap 
to be the reduced Planck mass, M*, which provides the smallest possible values for Ug/A_p. 
The Lagrangian terms that lead to a see-saw mechanism in neutrino sector are 

£„ = ^rn R v R ~v R + ^-x~P R ~(p s v R + [yL L Hv R + h.c] , (3.7) 
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where x and y are dimensionless coupling constants. This leads to the conventional tribi 



maximal form for the Dirac and Majorana neutrino mass matrices 
the see-saw 



131 ] that are input into 



^10 0^ 



m LR 



1 
1 



/ 



yv 



m RR 



\ 



m R 



(3.8) 



A + 25/3 -B/3 -B/3 
-B/3 2B/3 A- B/3 
\ -B/3 A- B/3 2B/3 j 

where A = 1, B = xvs/m R , and v ~ 246 GeV is the electroweak scale. The light neu- 
trino mass matrix then follows from the see-saw formula m„ = mJ jR m^] i mL R , and has the 
eigenvalues 

y 2 v 2 1 y 2 v 2 1 y 2 v 2 1 
m i - T~a — ', — 777 ' m 2 = 7, m 3 = — . (3.9) 



m R {A + B)' 



m R A 



m R B - A 



Neutrino oscillation data indicate the neutrino mass squared splittings Am^ = (7.50 ± 



2.32tao8 x eV 2 



12( | . These can be accommodated by 



0.20) x 10~ 5 eV 2 and Am| - 
Eq. (13. 9 p for y 2 v 2 /m R = 0.97 x 10 -11 GeV and B = xvs/m R = 1.198. This solution implies 

,2 



3.7 x 10 



-3V 



x 



(3.10) 



The key point is this: Eq. ( 13. 10j) determines the deviation from the Z 3 -symmetric limit 
our theory in which no lepton- flavor- violating couplings appear. For 0(1) values of x and 
small values of of the neutrino Dirac Yukawa coupling y, Z3 symmetry breaking can be 
made extremely small. It is easy to arrange this from a symmetry perspective by applying, 
for example, a flavor symmetry on the right-handed neutrinos that allows Majorana 
but not Dirac mass terms at lowest order. Since the size of v$ is near the right-handed 
neutrino mass scale, the smallness of the parameter in Eq. (13. lUj) is related to how low one 
can take this scale. For example, with m R ~ vs ~ 20 TeV, one would have vs/M* w 10~ 14 , 
with y comparable in size to the electron Yukawa coupling. This is more than adequate to 
render the theory safe from lepton-flavor-violating effects from the coupling of the dark and 
standard model sectors. As an example, loop effects will generate an effective operator that 



contributes to 



7 which is of the form [13J 



A 2 



(3.11) 



where the new physics scale here, Anp, is related to the vector-like fermion mass scale by 
A NP w 4nM/g D , and Z i j is a coupling matrix. Since Z has the same flavor-structure as 
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Yl and we assume an additional symmetry prevents (fs from contributing at lowest order, 
we expect that Z ~ (D(vtVs / A 2 F ). From Eq. (13. 3p . we see that vt/^f can be no smaller 
than approximately 0.01 if the tau Yukawa coupling is to remain perturbative. So, assuming 
Ap = M* and Mr ~ 20 TeV, we can achieve Z^ ~ O(10~ 16 ). In contrast, the bound on 



Z Me from Ref. [13j, updated to take into account the latest PDG value [12j for the fi — > cy 
branching fraction, gives Z^ e < 4.5 x 10 _9 [ANp/lTeV] 2 , which implies Z^ < 7.1 x 10~ 7 for 
go = 0.1 and M = 100 GeV. This bound is easily satisfied. Similar conclusions can be 
drawn from other possible lepton-flavor-violating processes, which we will not consider in 
explicit detail here. 

IV. OTHER PHENOMENOLOGICAL ISSUES 

Before concluding, we comment on a few of the other potential bounds on the model. It 

n n 

has been noted [14| in the context of other models [10| in which a right-handed muon couples 



to a new gauge field that the effective coupling g R JL R J/ [i R is bounded by the absence 
of missing mass events in the leptonic kaon decay K — \ fiX. In the present model, the 
magnitude of g R is s 2 R gD/2, which ranges in Fig. [2]from 10~ 8 to 10 -4 between approximately 
5 to 300 MeV. We comment on this mass range since it roughly corresponds the to the one 
over which limits on g R as a function of vector boson mass are given in Fig. 3 of Ref. jl^ ; 
the limit is always larger than 10~ 3 . Hence, the model parameter space is not severely 
constrained based on this consideration. 

The bounds on the dark sector states from accelerator experiments [?| depend on how 
these states decay, and their are many possible scenarios. Here we discuss one interesting 
case that corresponds to the largest parameter region shown in Fig. |2j if my < 2m M , the 
dark gauge fields will decay only to electrons via loop-suppressed kinetic mixing and we can 
compare to the bounds from dark photon searches. The one-loop diagrams that lead to 
mixing between the the dark gauge bosons and hypercharge lead to effective operators of 
the form 

C eS = ^F^F Ylw + ^F^F Y , U + [^F^F YfiV + h.c] , (4.1) 

where <p = e ab <f)l. The diagrams that generate these operates involve the vector-like 
fermions (and hence the suppression by M 2 ) as well as two vertices from the the hi- 
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teraction terms in Eq. ( 12. 3p . The couplings ci, C2, and C3 are of order h 2 g pgy / (167i 2 ), 
hh 'go9Y I '(16vr 2 ), and /z /2 g£jgy/(167r 2 ), respectively. Kinetic mixing is conventionally param- 
eterized as x^i 1 uvl^i where is the field strength tensor corresponding to the dark 
gauge field A^. From the first term in Eq. (14. ip . for example, we estimate 



1 h 2 (m v \ 2 
The most constraining beam dump bound 



X 9Y-(— V - (4.2) 



15j for small kinetic mixing is from the SLAC 
E137 experiment. However, the E137 bound does not exclude x below ~4x 10~ 8 . For the 
parameter values h = 2 and g = 0.1, used in Fig. [2j and M = 200 GeV, we find that x 
is smaller than this value for my < 67 MeV. For my > 210 MeV, E137 gives no further 
bounds. Of course, the dark sector could include dark matter candidates into which the the 
dark gauge and Higgs fields decay. In this case, dark photon searches at accelerators would 
present no further bounds on the model. 



V. CONCLUSIONS 



In this letter, we have shown how one can construct a dark sector that couples pref- 
erentially to a single flavor of standard model charged leptons, without generating large 
lepton-flavor-violating effects. The dark gauge and higgs bosons couple to 0(100) GeV 
vector-like fermions that have the correct gauge quantum numbers to mix with either the 
right-handed electron, muon or tau. However, the lepton sector is also constrained by an A4 
flavor symmetry that is the origin of neutrino tribimaximal mixing. This symmetry assures 
that the vector-like state mixes with only one flavor of charged lepton while the charged lep- 
ton Yukawa matrix remains very accurately diagonal. Deviations from this flavor structure 
are related to the ratio of the right-handed neutrino mass scale to the cut off of the effective 
theory, and can be made adequately small. Moreover, lepton-flavor-universal couplings via 
kinetic mixing are loop suppressed since the dark sector gauge group is non-Abelian. 

If the vector-like states mix with leptons of the second generation (which has been the 
assumption in this letter) contributions from the non-standard-model particles can account 
for the current deviation of the muon anomalous magnetic moment from the standard model 
expectation. More importantly, however, the construction described in this letter can be 
used to create ultraviolet complete theories (at least up to the high scale at which flavor is 
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generated) in which dark sector gauge bosons couple preferentially to either muons or taus. 
This provides motivation for exploring a vast realm of phenomenological processes involving 
second and third generation leptons as another possible window on a dark sector. 
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